A. Boesswetter, U. Auster, Ingo Richter, M. Fränz, B. Langlais, et al.. Rosetta swing-by at Marsan analysis of the ROMAP measurements in comparison with results of 3-D multi-ion hybrid simulations and MEX/ASPERA-3 data. Annales Geophysicae, European Geosciences Union, 2009, 27 (6), pp.2383-2398. <10.5194/angeo-27-2383-2009>. <hal-00404771> Ann. Geophys., 27, 2383-2398 , 2009 www.ann-geophys.net/27/2383 /2009 Abstract. The Rosetta spacecraft flew by Mars at a distance of 260 km on 25 February 2007 during a gravity assist manoeuvre. During the closest approach (CA) the lander magnetometer ROMAP was switched on. The dataset taken during this swingby provides insight into the plasma environment around Mars: in addition to a pronounced bow shock crossing Rosetta recorded the signature of the pile up region of draped magnetic field. Also the Rosetta measurements showed signatures of crustal magnetic field anomalies which can be verified by results of a crustal magnetic field model. In order to understand the measured field morphology, multi-ion hybrid simulations were performed. Some of the input parameters for the simulations were obtained from Mars Express (MEX) data which were contemporaneously collected during the Rosetta swingby. These simulations reproduces ROMAP magnetic field measurements and show that the interplanetary magnetic field pointed northward during the encounter. A spectral analysis shows upstream waves ahead of the bow shock and indicates the presence of the magnetic pile-up boundary (MPB). The multi-ion model reproduces the ion fluxes measured by MEX/ASPERA-3 and is in agreement with the measurements to within one order of magnitude.
Introduction
On 2 March 2004 ESA scientists celebrated the successful launch of the Rosetta spacecraft aboard an Ariane 5 launcher from Kourou in French Guyana to comet 67P/ChuryumovGerasimenko (Glassmeier et al., 2007a) . Before the spacecraft reaches its target, a series of swing-by manoeuvres will be accomplished. After the first Earth swingby in March 2005 Rosetta successfully performed a Mars swingby in February 2007. Within the framework of this paper, we focus on plasma and magnetic field observations during the latter swingby. First the data will be discussed and secondly the output from a three-dimensional, multi-species hybrid model will provide a reference to support our analyses. The hybrid approach treats the electrons of the plasma as a fluid, while the ions are represented by individual particles. Thus, this approximation is capable of incorporating effects like nonMaxwellian velocity distributions and differences between the flow patterns of the involved ion species. These phenomena become of importance when the overall size of the interaction region is comparable to the gyroradii of the ions, as is the case at Mars.
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A. Boesswetter: Rosetta swing-by at Mars: plasma measurements and simulations Several hybrid simulations for Mars (Brecht, 1997; Kallio and Janhunen, 2002; Bößwetter et al., 2004 Bößwetter et al., , 2007 Modolo et al., 2005) were made in the last ten years. Bößwetter et al. (2004) and Brecht and Ledvina (2006) stated the importance of the temperature of heavy ion plasma for covering the real situation. Modolo et al. (2006) included multiple ionization processes self-consistently in their model and analyzed the influence of the solar EUV flux on the positions of the bow shock and the MPB. Kallio et al. (2006) simulated escaping planetary ions using a hybrid model and found many qualitative and quantitative similarities with the observations made by the Automatic Space Plasma Experiment with Rotating Analyzer (ASPERA) instrument on the Phobos-2 Mission to Mars as well as by ASPERA-3 on MEX. They concluded that the acceleration of planetary ions by the convective electric field associated with the flowing plasma is the key acceleration mechanism for the escaping ions observed at Mars. MHD models do not include the effects of finite ion gyroradii. However, these models have a much higher spatial resolution than kinetic models. Liu et al. (2001) and Ma et al. (2002) showed in their MHD studies good agreement of the positions of the bow shock and the ionopause measured aboard MGS. Ma et al. (2002) demonstrated that crustal magnetic fields did not cause major distortions in the bow shock, although certainly they had an important effect within the magnetosheath. In a recent MHD multi-species model by Ma and Nagy (2007) , ion escape fluxes from Mars were calculated for different nominal solar wind, solar cycle and crustal field orientation conditions. During the Mars swingby the ROMAP instrument aboard Rosetta was switched on at closest approach (CA) for several hours to collect high resolution magnetic field data. This instrument was designed to study the local magnetic environment of the mission's destination comet. Qualitatively it is expected that the plasma interaction of ChuryumovGerasimenko will show some resemblance to the Martian plasma interaction. While both bodies are surrounded by a mainly solar-UV-induced ionosphere, we expect that the Churyumov-Gerasimenko as well as Mars do not possess a substantial magnetic field. Therefore, the solar wind is decelerated upstream of the obstacle, leading to the formation of a bow shock. In both cases the supersonic solar wind is expected to be separated from the ionospheric heavy ion population by an ion composition boundary, as initially reported by Breus et al. (1991) and Sauer et al. (1994) . The physics of this boundary layer have already been extensively studied within the framework of numerical models such as the approaches by Sauer and Dubinin (2000) , Bößwetter et al. (2004) , Simon et al. (2007a) , and Bößwetter et al. (2007) . Furthermore the interaction leads to the formation of a magnetic pile-up region (MPR) on the ramside of the obstacles. Since the physical properties of these scenarios have been discussed extensively in several other papers (Bagdonat and Motschmann, 2002a,b; Bagdonat et al., 2004; Bößwetter et al., 2004; Simon et al., 2006 Simon et al., , 2007b Bößwetter et al., 2007) we will not go into the details here. While our hybrid model has already been successfully applied to reproduce plasma observations near Mars, the approach described here is new in several respects: Our preceding studies did not consider the multi-ion nature of the Martian ionospheric and exospheric plasma. The improved model used in this study considers a multi-component ionosphere consisting of five different ion sources. We did not include the crustal magnetic field into this model version. However, our analysis of the ROMAP data take into account the influence of crustal magnetic fields on the magnetic field morphology.
This paper is organized as follows: in Sect. 2, the magnetic field observations of the Rosetta spacecraft are presented and discussed in detail. The influence of local crustal magnetic field anomalies on the Rosetta measurements is discussed. We demonstrate that some of the measured magnetic field signatures can be explained by applying the crustal magnetic field model developed by Langlais et al. (2004) . In Sect. 3, the results of our interpretation are validated by means of a three-dimensional hybrid simulation run. The simulation model is described in this section. The input parameters for the numerical scenario are partially obtained from Rosetta measurements. However, since onboard plasma instruments making up the Rosetta Plasma Consortium (RPC) remained offline around CA, no upstream densities and velocities for the impinging solar wind are available from this mission. Therefore, to complete the set of input parameters for the model, we used plasma moments from the MEX mission, which had been engaged in simultaneously collecting plasma data during the time of the Rosetta swingby. The discussion not only focuses on the interpretation of the data, but also on the global topology of the Martian plasma environment within the framework of the multi-species model. Further, we compare global modeling results with the foregoing study (Bößwetter et al., 2007) , which considered only a single ionospheric species. The work concludes with a brief summary of our major findings and a view toward future projects.
Rosetta magnetic field measurements
In this section we present magnetic field data from Rosetta's lander magnetometer ROMAP and from the orbiter magnetometer RPC-MAG and compare the magnetic field signatures obtained near closest approach with a crustal magnetic field model derived from MGS magnetic field data. Figure 1 shows the projection of Rosetta's trajectory and of the MEX orbit on the Mars Solar Orbital (MSO) coordinate planes. The x-axis points towards the sun, the y-axis is contrary to the planetary motion, and the z-axis completes the right-handed system pointing towards the north pole of the planet. Rosetta arrived from the undisturbed solar wind regime on the dawn side of the planet reaching an altitude of Ann. Geophys., 27, 2383 Geophys., 27, -2398 Geophys., 27, , 2009 www.ann-geophys.net/27/2383/2009/ 262 km (CA) at around 05:00 Martian local time at the night side. Rosetta's trajectory was located in the equatorial plane, shifted only slightly into the Northern Hemisphere. The orbital plane of MEX is tilted predominantly to the terminator (x-z plane). In addition, magnetic field measurements of ROMAP are presented along Rosetta's trajectory. The average bow shock position measured by MGS is denoted in red and the average MPB position is represented by the green line (Vignes et al., 2000) .
ROMAP data
During the close swingby of Mars the Rosetta lander magnetometer instrument ROMAP collected high resolution data (64 Hz) in a time interval of about one hour, centered around closest approach at 01:58 UT. A detailed description of the instrument is provided by Auster et al. (2007) . The lander magnetometer ROMAP detected the Martian bow shock at 01:51 UT. After leaving the shock front, the spacecraft entered the set of highly draped magnetic field lines at the Martian ram side, which is often referred to About 10 min before the bow shock is crossed, ROMAP measures low frequency waves between 40-70 mHz, proton upstream waves which were also reported by . After detecting a fore shock region at around 01:49 UT, ROMAP crosses the bow shock at 01:51 UT where the magnetic field jumps quite strongly from 4 nT in the solar wind to around 10 nT in fore shock region and to 25 nT behind the bow shock. The fluctuations appear in all frequency ranges. At 01:53:45 UT Rosetta enters the MPB, where fluctuations are clearly reduced. At 01:58 UT Rosetta reaches its CA with 262 km above surface. A minute before, already under 300 km above surface, fluctuations by weak crustal magnetic fields are measured (see also Fig. 4 ). Behind the tail crossing (TC) fluctuations again are increased in all three components. The signal at around 250 mHz is a spacecraft-generated artifact. Note that the offsets of the three components could not be determined exactly. However, the data are coherent, especially the clear negative B x component in the magnetosheath leads to the explanation that IMF had a strong B z component (see Fig. 10 ). This behavior could also be verified by hybrid simulation results (see Fig. 9 ).
as the MPR, as e.g. discussed by Bertucci et al. (2003) , Bertucci et al. (2005a) , and Brain et al. (2006) and modeled by Bößwetter et al. (2004) and Modolo et al. (2006) .
As displayed in Fig. 2 , the foreshock region is clearly visible in the data collected during the Rosetta approach. The power spectrum of the magnetic field indicates the presence of wave activity of up to 10 −3 nT 2 /Hz in all three components from 40-70 mHz between 01:36 UT and 01:50 UT. At 01:48 UT, a peak frequency of 60 mHz was measured in all three components. The proton gyrofrequency in a background field of B=4 nT is f P =eB/(2π m p )=61 mHz. These waves at the local proton gyrofrequency (PCWs) are low Ann. Geophys., 27, 2383 Geophys., 27, -2398 Geophys., 27, , 2009 www.ann-geophys.net/27/2383/2009/ amplitude waves (≈0.15 nT), and they have been described by Russell et al. (1990) using ASPERA data measured on Phobos-2 and by Brain et al. (2002) using MGS magnetic field data. As Brain et al. (2002) stated, these waves were not observed at larger subsolar distances than 3 R M from Mars. The first signature of the upstream waves in ROMAP data was obtained at 01:36 UT, when Rosetta was at a distance of about 2 R M from the surface of the planet. Russell et al. (1990) concluded that these left-hand polarized waves were formed by ionization of the Martian hydrogen exosphere upstream of the shock. Barabash et al. (1991) confirmed this conclusion by results from ASPERA, which observed ring distributions of pickup protons from the hydrogen corona. Ring distributions are unstable and generate Alfven waves which can be recorded using a magnetometer. In the foreshock region the measured magnetic field exhibited minor fluctuations on a time scale of only a few seconds while, simultaneously, the foot of the bow shock was reached where the field magnitude increased from 4 to about 6 nT. The upstream side of the bow shock was reached at about 01:51 UT and a sharp increase in the magnetic field magnitude by a factor of about 4, see Fig. 2c was recorded. After this, Rosetta enteres the MPR at 01:54 UT. In the magnetometer data this region becomes manifest through a rotation of the magnetic field vector that was in agreement with previous observations (Bertucci et al., 2005b) as well as numerical modeling attempts (Bößwetter et al., 2004; Modolo et al., 2006) . The spectrum in Fig. 2a shows the same behavior: namely reduced wave power in all three components over the middle and high frequency ranges (100 mHz and above) from 1 to 10 −2 nT 2 /Hz at the location of the MPB. We interpret this behavior to provide an indication of the MPB as Rosetta's trajectory crosses the magnetic configuration in such a way that no jump occured. One minute before closest approach, at around 01:57 UT, Fig. 2c exhibits well defined, sharply pronounced spikes in all three components. As we will show later in detail Rosetta associatively crossed a weak crustal magnetic field region.
Rosetta traversed a magnetically very quiet region after passing the CA. The wave power continued to decrease over the whole frequency range from 10 −2 nT 2 /Hz to 10 −4 nT 2 /Hz. On crossing the Mars tail-midnight line (TC) at around 02:11 UT, wave power again increased to values between 10 −2 nT 2 /Hz and 10 −1 nT 2 /Hz.
As discussed by Edberg et al. (2009) , Rosetta remained within the thermalized plasma of the Martian magnetosheath for about two hours after CA, before crossing the bow shock again and exiting to the solar wind at 04:04 UT. The present authors discuss in addition the possibility of a second bow shock crossing due to an expansion of the Martian magnetosphere in the outbound region of the swingby.
RPC-MAG data
The second magnetometer RPC-MAG (Glassmeier et al., 2007b) , located on the orbiter, consists of two sensors, namely an inboard (IB) and an outboard (OB) sensor. This configuration provides a method to deduce and remove spacecraft-generated magnetic field disturbances from the data set (such as currents on the spacecraft and temperature changes) Fig. 3 features the magnetic field data measured by the RPC-MAG outboard sensor for the period 23-25 February 2007. Both the inboard and the outboard sensor showed similar signatures during this interval. During a period between 24 February at 17:00 UT and 25 February at 08:00 UT discrepancies were found between the data collected by both sensors. We neglect this latter period in our analysis and determine a mean background magnetic field outside the Martian magnetosheath of B=(0, 0, 4) nT as input parameter for the hybrid simulations discussed later. All magnetic field components showed quite strong disturbances ranging from −15 nT to +15 nT two days before and after the CA. This behaviour demonstanted non-stationary solar wind conditions. During the CA, RPC-MAG and all the other instruments of the orbiter payload were switched off to conserve power.
Crustal magnetic field
An early idea of remanent crustal magnetism at Mars was given by Curtis and Ness (1988) . Moehlmann (1992) found first hints concerning a crustal magnetic field. Thereafter, MGS detected a local crustal magnetization, mainly above the Southern Hemisphere Connerney et al., 1999) . Its amplitude at 200 km altitude varied between ±650 nT. At the surface, its magnitude may reach several thousand nT.
Several attempts were made to model the local magnetic field anomalies at Mars using different techniques and datasets. Purucker et al. (2000) used low altitude, purely radial, preliminary binned MGS magnetic observations to produce a magnetic field map at constant altitude. An improved version of the original Purucker model used calibrated data. It corrected a small numerical error which resulted in evidence for a global magnetic field, but the resulting model was still incomplete, due to the far-from-complete low-altitude data coverage. Other studies by Arkani-Hamed (2002) and Cain et al. (2003) employed with the commonly used spherical harmonic method of Gauss (1839) . An updated model by Arkani-Hamed (2002) used three components of low and high altitude measurements to produce a spherical harmonic model up to degree 50. Cain et al. (2003) derived another spherical model up to degree 90. Another model was published by Langlais et al. (2004) , who used multiple sets of MGS magnetometer data measured during different phases from 1997-2001 in different altitude ranges. They considered Equivalent Source Dipoles (ESD) located on an equidistant icosahedral mesh beneath the Martian surface. Their dipole mesh has a mean spacing of 173 km, or 2.91 • at the equator. We provide below a comparison with this sophisticated model. Figure 4 shows ROMAP magnetic field data and the predictions of the latest crustal magnetic field model by Langlais et al. (2004) . Here we use planetary Cartesian (pc) coordinates which are defined as follows: the positive x and positive y-direction define the equatorial plane and are respectively directed toward 0 • and 90 • Eastern longitude. The positive z-direction is oriented toward the geographical North pole. The ROMAP data are detrended, which means that we subtracted all low frequency information below 6 mHz from the data. High frequency disturbances from the shocked solar wind remained after the bow shock crossing. However, most contributions in the data near CA emerged in the vicinity of the crustal field anomalies at around 01:56:30 UT and 01:58:40 UT (see Fig. 1d ). During this time period Rosetta was below 300 km near the Martian terminator. This altitude range was below that of the MPB, which is typically located at altitudes of 1200-1600 km at the terminator (Trotignon et al., 1996; Vignes et al., 2000) . Rosetta was still on the night side of the planet. Disturbances by the sunlight did not appear. These good conditions allow a comparison to be made between the measured magnetometer data and a crustal field model. The model results used here, which was provided by Langlais et al. (2004) , predicted a weak magnetic field strength below 10 nT, which is in agreement with the ROMAP data. As can be seen in Fig. 4 , nearly every peak in this region can be reproduced by the crustal model. By subtracting the low frequency trend from the model data, the amplitude of the crustal signature also fits quite well the detrended ROMAP measurements.
Hybrid multi-ion simulation
The numerical investigations are based on the hybrid code developed by Bagdonat and Motschmann (2002a) . The present multi-ion version of the code is an update of the version that has already been successfully applied to the solar wind interaction with comets Motschmann and Kührt, 2006) , magnetized asteroids (Simon et al., 2006) 
Model description
In the hybrid approximation, the electrons are modeled as a massless charge-neutralizing fluid, whereas the ions are treated as individual particles. Here we do not go into a detailed description of the code which can be found in Bößwetter et al. (2004) . In what follows, only the dynamic equations of the model will be presented.
-Equation of motion for individual ions:
where q s , m s and v s respectively denote the charge, mass and velocity of an individual particle of species s. k D is a phenomenological and temperature dependent parameter describing the collisions of ions and neutrals, a good mean value for which of 1.7×10 −9 cm 3 s −1 was given by Israelevich et al. (1999) . For example, for proton-oxygen collisions one can calculate for 200km above the surface using an ion temperature of 500 K a value of 1.1×10 −9 cm 3 s −1 . At 400 km with an ion temperature of around 3000 K the collision frequency increases only slightly to 2.5×10 −9 cm 3 s −1 . n n and u n are the number density and bulk velocity of the neutrals. We use u n =0.
-Electric field equation: where u i is the mean ion velocity. Since the plasma is assumed to be quasi-neutral, the mean ion density (n i ) is equal to the electron density (n e ). As the electron temperature in the solar wind differs by several orders of magnitude from the electron temperature in the Martian ionosphere (Hanson and Mantas, 1988) , two different electron pressure terms P e,sw and P e,hi were incorporated into the simulation model. Both electron populations are assumed to be adiabatic, i.e. P e,sw ∝ β e,sw n κ sw and P e,hi ∝ β e,hi n κ hi .
An adiabatic exponent of κ=2 was used (Bößwetter et al., 2004 ).
-Magnetic field equation: For the time evolution of the magnetic field one obtains from Faraday's law
The electron pressure terms do not occur in this equation, because of ∇×∇ P =0 applied to P e,sw and P e,hi .
For the simulations of the Rosetta swingby we used a Cartesian simulation grid with a grid resolution of 160 km per cell. The Martian atmosphere was modeled as a spherically symmetric gas cloud around Mars consisting of five atomic species: namely the atmospheric ones CO 2 , O 2 and O and exospheric, hot, hydrogen and oxygen. Figure 5 shows the radial density distribution for the ionospheric and exospheric exponential profiles. The exospheric profiles were taken from (Chaufray et al., 2007) , the atmospheric profiles were taken from Krasnopolsky (2002) for solar minimum conditions.
Assuming a constant solar UV radiation yields the dayside ion production function q(r, χ ) in the form of a Chapman layer for atmospheric ions which depends on both the altitude r above the surface and the solar zenith angle χ. The nightside production profile is assumed to be independent of the solar zenith angle. It is set to an altitude-dependent value of q(r, χ=87 • ). This yields a peak ion production rate Ann. Geophys., 27, 2383 Geophys., 27, -2398 Geophys., 27, , 2009 www which is about 10% of the dayside value. Exospheric ions are produced by UV radiation as well, charge exchange reactions with solar wind protons. The charge exchange rate with solar wind ions can be calculated as n sw * u sw * σ where n sw * u sw is the background solar wind flux. σ represents the cross section parameter. We used σ O =8×10 −16 cm 2 and σ H =3×10 −15 cm 2 from Stebbings et al. (1964) . All heavy ions were inserted into the simulation box above the altitude of 200 km which is the exobase altitude at Mars. Table 1 contains the relevant ion production frequencies. Any ion hitting the so-called "Inner Boundary" at an altitude of 150 km above the planetary surface was removed from the simulation. No boundary conditions were imposed on the electromagnetic fields, i.e. the equations for E and B were solved outside as well as inside the obstacle. An artifical inner density was assumed in order to match the surrounding ionospheric heavy ion density at the subsolar point as well as to avoid electric fields arising from density gradients.
Selection of input parameters using MEX data
The MEX spacecraft was orbiting Mars near the terminator plane with closest approach at 03:35 UT when Rosetta performed its swing by manoeuvre at Mars. At 02:00 UT MEX was still in the solar wind, when Rosetta passed the upper ionospheric layers of Mars. Both spacecraft were at a distance of only 3.3 R M . As Fig. 1 shows, MEX came from the Southern Hemisphere into the Martian magnetosheath and left it on the dawn side of the planet. During this orbit the plasma sensors of the ASPERA-3 instrument onboard MEX measured electron and ion data. MEX does not carry a magnetometer, so that no magnetic field data are available to cross-calibrate the datasets. 30 keV/q for the main ion components with charge number q. ELS provides electron measurements in the energy range between 0.01 and 20 keV. A detailed description of the instrument is given in Barabash et al. (2006) . Figure 6 shows the electron and ion spectra measured by ASPERA-3. We derived densities and velocities from these spectra to obtain input parameter for the hybrid simulation. MEX entered the foreshock region at 02:45 UT, where the electrons become more and more thermalized. It crossed the bow shock at 02:48 UT and entered the ion composition boundary (ICB) at 03:14 UT. At this boundary IMA shows a sharp decrease in the proton flux. The ionopause was reached at 03:22 UT, where only low energetic electrons are measured. Outbound MEX crossed the ionopause, the ICB, the bow shock, and the foreshock at, respectively, 03:49 UT, 03:54 UT, 04:25 UT, and 04:32 UT. Data gaps occurred in the ELS data during the outbound bow shock crossing. Also, heavy planetary ions could not be observed as the corresponding mode of the instrument was not in operation during the swingby. The most reliable parameter from the IMA data was the proton velocity which was approximately 290 km/s. The solar wind density varied from 2 up to 10 cm −3 , depending on the procedure adopted to fit the ELS spectra. IMA gave a value of about 1−3 cm −3 . We present results from a simulation run using an upstream density of n sw =8.0 cm −3 and a velocity of u sw =290 km/s, which fit the MEX plasma measurements. The solar wind density and velocity in Table 2 are typical for slow streaming solar wind type. Measurements by Helios 1 and 2 (Schwenn, 1990) showed that this solar wind type is characterised by a high density (≈8.3 cm −3 at earth orbit) and low velocity (≈327 km/s at earth orbit). To obtain the orientation of the IMF in the equatorial plane, we use an IMF angle of 120 • with respect to the MarsSun line (duskward from Mars). This angle was calculated, using the Hakamada-Akasofu-Fry version 2 model/HAFv. (S. McKenna-Lawlor, private communication). The range quoted is due to uncertainties in the solar wind speed at the model's inner boundary. We then varied the angle between the IMF vector adopted and z MSO until best agreement was found at a value of 10 • . Ancillary input parameter are listed in Table 2 .
Simulation results
The simulation results are demonstrated in Fig. 7 . Contour plots in the equatorial plane of the solar wind density (a) and the fluxes of ion species (b-f) are shown. The convective electric field points to the dawn hemisphere where the electric field vector is tilted by 9 • out of the plane. The solar wind flows around the obstacle and generates a wake in the downstream region. A bow shock is formed with a substructure called "shocklets" or "multiple shocks" which can clearly be seen in Fig. 7a . Such "shocklets" or "multiple shocks" are described respectively by Omidi and Winske (1990) and Shimazu (2001) . The dense solar wind is mass-loaded due to UV ionization and by charge exchange processes, as described by Szegö et al. (2000) . Figure 7b and c feature respectively the flux of exospheric hydrogen and oxygen. As shown in Fig. 7c the exospheric oxygen ions are accelerated away from Mars on the dawn side and in a direction toward Mars on the dusk side. Exospheric protons are deflected around the planet as shown in Fig. 7b . This different behaviors are quite coherent as the exospheric hydrogen gyroradius is about 420 km, which is more than one order of magnitude smaller than the exospheric oxygen gyroradius and this would lead to a more fluid like behavior of hydrogen. The ionospheric ion fluxes are shown in Fig. 7d to f. The flux values range from 10 5 up to 10 7 cm −2 s −1 . These are in very good agreement with MEX data analyzed by Barabash et al. (2007) . Immediately behind the planet the fluxes have a rather cloudy structure. These clouds move slowly between the two magnetic lobes along the plasma sheet into the tail. Similar clouds were observed at Venus by Brace et al. (1982) .
Comparison of the simulation results with MEX data
MEX/ASPERA-3 data and simulation results are presented in Fig. 9 . ROMAP magnetic field data (top) in comparisons with results of the hybrid simulation (bottom). The hybrid model does not include effects of the crustal magnetic field which appear in the data between 01:56 UT and 01:58 UT. While Rosetta crosses the bow shock at 01:51 UT the hybrid simulation gives a bow shock position around one minute earlier. These simulation results can explain the ROMAP measurements qualitatively very well, especially the decreasing field strength in all three components at the MPB position. The simulation results produce a total magnetic field which is about 10 nT weaker than observed values. This can be explained by numerical smoothing during the simulations and unkown magnetic field offsets for the ROMAP measurements. Furthermore on-average conditions in the solar wind do not lead to a stationar picture of Mars-solar wind interaction which is given by the simulation. Only a IMF vector with a strong positive B z component is able to explain the negative B x component during measurements behind the bow shock. For an explanation see also Fig. 10. and simulations occur in the solar wind density. The measured electron density of the solar wind gives a value of about 5 cm −3 while the proton density varied between 2 and 10 cm −3 . In the simulation a background solar wind density of 8 cm −3 was chosed. The measured peak electron density reached 35 cm −3 at the inbound BS. Numerical smoothing during the simulation reduce the density to a value of about 25 cm −3 . Exospheric protons reach densities around 1 cm −3 . They are accelerated by the pick-up process to high velocities of about 500 km/s. The main agreement between the measurements and the simulation results validates our choice of the input parameters of the simulation shown in Table 2 . A more extensive comparison of MEX data and simulation results can be found in Bößwetter et al. (2007) . Figure 9 shows ROMAP magnetic field data in direct comparison with hybrid simulation results. While Rosetta crossed the bow shock at 01:51 UT the hybrid simulation predicted a bow shock position at around one minute earlier. It seems that the bow shock position was shifted from the average bow shock position found by MGS (Vignes et al., 2000) just by this one minute. Thus the hybrid simulation results would agree with the average bow shock position. A short term denser or faster solar wind could lead to higher ram pressure pushing the shock inward durning the Rosetta swing-by manoeuvre.
Comparison of Rosetta data with simulation results
The bow shock in the simulation results features a clear shocklet structure. The decreasing magnetic field strength in all components at the MPB position can be reproduced well by the hybrid simulation. The simulation results produce a peak total magnetic field of about 15 nT. The observed values range up to 25 nT. This discrepancy can be explained by numerical smoothing during the simulations. As also the magnetic field offsets were unkown for the ROMAP measurements, we could not excactly determine the components of the IMF vector. The time series for the B y component do not show a good agreement with the data. However, after testing different offsets for B y component in simulations we found that here presented simulation result fits best to the measurements. Furthermore non-average conditions in the solar wind do not lead to a stationar picture of Mars-solar wind interaction which is given by the simulation. High frequency waves which are triggered by instabilities cannot be completely captured by these simulations. Further simulations with a higher grid resolution of the order of magnitude of about 10 km per cell behind the bow shock are necessary.
The simulation shows an important feature in Fig. 10a . Only an IMF direction with a positive B z component and a negligible B y component is able to explain the negative B x component during measurements in the magnetosheath, when Rosetta was above the equatorial plane.
Another question that can be addressed by the simulation results is: why do not the ROMAP field data show any jump at the MPB position? This signature depends strongly on the orbit plane of the spacecraft and the draped magnetic field pattern around the planet. While every cross-section through the magnetic lobes show a clear MPR in front of the planet and in the tail, the ideal plane between the two magnetic lobes does not show a MPR and MPB. If the IMF vector lies in the plane of the spacecraft orbit, the spacecraft will cross a magnetic lobe from the flank side. At this kind of crossing the magnetic field jump at the MPB is pronounced. ROMAP measured a piled-up magnetic field without a clear magnetic field jump at the position of the MPB. Marsis and ASPERA-3 observations onboard of MEX also reveal sometimes a transition across the MPB without magnetic field pile-up (Dubinin et al., 2008) . Zhang et al. (2008) analysed magnetic field data from VEX. They found that the IMF orientation exerts a strong control on the type of the discontinuity. The boundary exhibits properties of a tangential discontinuity, while at an other IMF clock angle the boundary shows properties of a rotational discontinuity.
The magnetic field recording of the Martian MPB by the ROMAP magnetometer fits more to a rotational discontinuity. The reason for this may go back to a crossing nearly between the two magnetic lobes. It can be explained by means of Fig. 10b which shows the terminator cross-section through the simulation box. The projection of the Rosetta trajectory is also presented. In agreement with ROMAP measurements we expect from the simulation results only a slight increase in the magnetic field, when Rosetta entered the MPR. In this swingby geometry Rosetta would not cross a pronounced magnetic field increase at the MPB as would happen if the trajectory of the spacecraft were in the polar plane.
Conclusions
We present magnetic field data from a swingby manoeuvre of Rosetta at Mars. This is the first time that a spacecraft has verified the presence of the magnetic crust anomalies reported by MGS. The crustal magnetic field model by Langlais et al. (2004) is in excellent agreement with the magnetic field data, which was measured by Rosetta in ionospheric regions below around 300 km. A detailed spectral analysis showed proton upstream waves in front of the bow shock at a frequency of ≈60 mHz.
During the Rosetta Mars swingby the MEX spacecraft collected plasma data near Mars. Plasma measurements by the MEX/ASPERA-3 experiment provide additional information concerning solar wind parameters during the encounter to input to the 3-D hybrid simulations. Using these background solar wind parameters we were able to reproduce the ROMAP magnetic field measurements very well by means of our multi-ion hybrid simulations.
Simulation results produced a subsolar the subsolar bow shock at 1.5 R M which is in good agreement with the average bow shock locations measured by MGS. ROMAP magnetic field measurements showed a slightly more compressed magnetosheath. The bow shock was pushed toward the planet, while the MPB position corresponded very well with the simulation results. We could show that the structure of the MPB depend significantly on the position of the spacecraft with respect to the magnetic field draping pattern. If the spacecraft cross the MPB in the plane between the two magnetic lobes, no magnetic field jump occur at the position of the MPB. Several simulations have shown that higher IMF strength and variations in its direction move the bow shock position only marginally. A short term denser solar wind could lead to higher ram pressure that pushing the shock inward before a higher charge exchange rate could load the solar wind more strongly with mass. Further simulation efforts will take into account a dynamical solar wind and short time scales. Several space missions are scheduled in the near future. The NASA Mars Scout Program is designed to send a series of small, low-cost missions to Mars. The Phoenix Mars Lander was the first spacecraft selected. The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission will provide direct measurements in the upper atmosphere and ionosphere to answer key scientific questions about Mars' evolution.
Simultaneous atmospheric and ionospheric monitoring of the different neutral and ion species in the upper atmosphere and exosphere, through a simultaneous solar wind monitoring, as well as magnetic field measurements at low altitude are required parameters for future multi-ion hybrid simulations to investigate the interconnection between the atmosphere and variable solar wind conditions. Such measurements could be performed by the appropriate scientific payload, as suggested in another mission: the recent ESA Cosmic Vision proposal Leblanc et al., 2008) . The new multi-ion simulations presented here show a statistically highly resolved exosphere that includes exospheric hydrogen. Furthermore, results of these simulations show flux values of planetary heavy ions in the same order of magnitude as those recently measured by the MEX/ASPERA-3 instrument.
